Preliminary testing has shown in vitro and in vivo that antitumor activity can be obtained with fusion proteins linking tumor-reactive monoclonal antibodies to cytokines, such as granulocyte-macrophage colonystimulating factor or interleukin 2 (IL-2). Preclinical and clinical testing of these reagents requires their in vitro and in vivo quantitation and pharmacokinetic evaluation. We have focused on the detection of a fusion protein which links one human IL-2 molecule to the carboxy terminus of each heavy chain of the tumor-reactive human-mouse chimeric anti-GD2 antibody, ch14.18. We have developed enzyme-linked immunosorbent assays (ELISAs) to evaluate intact tumor-reactive fusion proteins. By these ELISAs we can reliably measure nanogram quantities of intact ch14.18-IL-2 fusion protein and distinguish the intact protein from its components (ch14.18 and IL-2) in buffer, mouse serum, and human serum with specificity and reproducibility. The measurement of intact ch14.18-IL-2 fusion protein is not confounded by free IL-2 or free ch14.18 when 100 ng or less of total immunoglobulin per ml is used during the assay procedure. Our results indicate that these ELISAs are suitable for preclinical and clinical testing and with slight modifications are applicable to the analysis of a variety of other fusion proteins.
Through molecular engineering, proteins can be altered to enhance their bioactivities. Fusion proteins, designed to combine antibodies with cytokines (2, 3, 5, 6, 13, 16, 17, 19) , antibodies with cytokine receptors (1), or cytokines with toxins (8) , are currently being evaluated in preclinical and clinical studies (18) . The ch14.18-interleukin 2 (IL-2) and hu14.18-IL-2 proteins are two such engineered, antitumor antibodycytokine fusion proteins (3) . Human recombinant IL-2 has been linked to the anti-GD2 human-mouse chimeric or humanized forms of the 14.18 antibody (ch14.18 or hu14.18) at the carboxy terminus of the immunoglobulin heavy chain. The ch14.18-IL-2 fusion protein was shown to enhance in vitro killing of autologous GD2-positive human melanoma cells by a tumor-infiltrating lymphocyte cell line (3) . In vivo, ch14.18-IL-2 markedly inhibited the growth of established hepatic metastases in severe combined immunodeficient (SCID) mice, previously reconstituted with human lymphokine-activated killer cells (15) , and in immunocompetent mice bearing syngeneic GD2ϩ tumors (10) . Increasing interest in the use of antibody-cytokine fusion proteins such as these in the treatment of malignant diseases warrants a systematic approach for quantifying and assessing their immunopharmacological effects in preclinical and clinical trials.
Many of the standard methods of protein quantitation lack specificity. For example, spectrophotometric assays are confounded by other proteins in the serum (Bradford, Lowry, or bicinchoninic acid protein assay systems), and enzyme-linked immunosorbent assays (ELISAs) quantitating immunoglobulin G (IgG) are unable to distinguish the intact fusion protein from the parent immunoglobulin. The assays described in this report specifically quantitate and distinguish the intact fusion protein from its breakdown or composite products, by utilizing capture reagents directed against one functional group and detection ligands which combine with the other active moiety. The potential use of bioengineered fusion proteins in vivo necessitates the development of assays which accurately determine the quantity of intact fusion protein. The assays presented here should be useful for both in vitro and in vivo evaluations of a wide variety of fusion proteins used in both preclinical and clinical testing.
produced at Repligen Inc. (Boston, Mass.) for the NCI and stored at a stock concentration of 5.34 mg/ml, at Ϫ80°C until use. Mab CC49, a gift from Jeff Schlom, is a murine Mab which recognizes the tumor-associated antigen TAG-72 (11, 23) . The IL-2 (recombinant human) standard was provided in the IL-2 ELISA kit (Immunotech, Marseille, France). Human recombinant IL-2 (Hoffmann-La Roche, Nutley, N.J.) was reconstituted with phosphate-buffered saline (PBS) at a concentration of 600,000 IU/100 l and stored at 4°C until use. Purified human IgG1 was obtained from Sigma (St. Louis, Mo.); its concentration was 1 mg/ml based on the reading of optical density at 280 nm (OD 280 ).
SDS-PAGE. The purity and structural integrity of the ch14.18-IL-2 fusion protein were evaluated by discontinuous sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) under denaturing conditions. Samples were solubilized at 95°C for 5 min in a loading buffer containing Tris, SDS, and 2-mercaptoethanol (Bio-Rad, Hercules, Calif.) and then loaded onto polyacrylamide gels. Electrophoresis was performed in a 0.75-mm-thick 12% separating gel topped with a 5% stacking gel, for 2 h under 15 mA of constant current, with a Tris-glycine buffer system (9) in a model SE 260 Mighty Small II vertical electrophoresis unit (Hoefer/Pharmacia, Piscataway, N.J.). After electrophoresis, the gel was removed, fixed for 15 min in isopropanol-acetic acid fixing solution, and then stained with Coomassie brilliant blue R-250 for 2 to 3 h with gentle shaking. The gel was destained in a methanol-acetic acid-water solution, analyzed, and photographed. Titrations done with ch14.18-IL-2 indicated that this method can detect concentrations as low as 250 ng of protein per lane (data not shown).
Western blotting. For the specific evaluation of the fusion protein components, a semidry blotting system was used. After electrophoresis, as described above, the gel was washed for 5 min in a transfer buffer (Tris-glycine-methanol) (25) , placed on an Immobilon-P polyvinylidene difluoride transfer membrane (Millipore, Bedford, Mass.), saturated with methanol, and transferred onto five layers of 3MM filter paper (Whatman, Maidstone, England) saturated with the transfer buffer. The gel was covered with another five layers of filter paper saturated with the transfer buffer, and transfer was carried out for 1.5 h under 200 mA of constant current in the Multiphor II NovaBlot unit (Pharmacia/LKB). After transfer the gel was removed from the transfer membrane, the membrane was washed three times in Tris-buffered saline (TBS) buffer (100 mM Tris-HCl [pH 7.5], 0.9% NaCl), and blocked overnight in 5% nonfat dry milk in TBS at 4°C on a rocking platform. The next day the blotting membrane was washed for 15 min with TBS and then incubated with shaking for 3 h at 25°C with sheep anti-human IgG1 antibody coupled to horseradish peroxidase (The Binding Site, Birmingham, England), diluted to a concentration of 2 g/ml in TBS-0.05% Tween 20, to immunoprobe the IgG1 component of the fusion protein. After incubation, the blot was washed three times for 5 min with TBS and visualized with Super Signal chemiluminescent substrate (Pierce, Rockford, Ill.) for 5 min at room temperature (RT). Excess substrate was removed, and the blot was wrapped with plastic wrap and placed on New RX GCU X-ray film (Fuji Photo Film Co., Tokyo, Japan) for 30 s. The films were developed in an automatic developer, analyzed for the presence of specific bands, and then photographed. By this method we could visualize as little as 62 ng of specific protein per lane, based on our titration experiments performed with the purified ch14.18-IL-2 fusion protein (data not shown).
ELISA procedures. (i) 1A7-IL-2 ELISA (fusion protein-specific ELISA). C8 Maxisorp Nunc Immunomodules (Nunc, Roskilde, Denmark) were coated overnight at 4°C with 120 l of 1A7, a mouse monoclonal anti-idiotype to 14.G2a antibody, per well at a concentration of 2 g/ml in 15 mM carbonate buffer, pH 9.6 (Fig. 1A) . After being washed three times with PBS-Tween, the wells were blocked for 3 h at RT with 200 l of 5% nonfat dried milk dissolved in PBS per well. After being washed further with PBS-Tween, plates were kept at 4°C in PBS-Tween until use. To analyze samples, PBS-Tween was removed and 100 l of standards or experimental samples prepared in sample buffer (PBS-Tween plus 2% milk) per well was added, and the plates were incubated in a moist chamber overnight at 4°C. Plates were then washed five times with PBS-Tween, followed by the addition of 100 l of goat anti-human IL-2 antibody coupled to biotin (R & D Systems, Minneapolis, Minn.), diluted to a concentration of 0.035 g/ml in 0.1 M Tris-HCl containing 0.05% Tween 20. Plates were then incubated in a humidified chamber for 3 h at RT and washed five times with Tris-Tween, and ExtrAvidin-alkaline phosphatase (Sigma, St. Louis, Mo.) diluted 1:5,000 in Tris-Tween (according to the manufacturer's specification) was added. After a 1-h incubation at RT, samples were washed five times with Tris-Tween. Staining was performed by adding 100 l of p-nitrophenyl phosphate (Sigma) as a substrate at a concentration of 1 mg/ml in diethanolamine buffer. The sample was incubated with the substrate at RT in the dark, and the conversion to the colored product was measured at 30, 60, and 75 minutes, at an OD of 405 nm with a 492-nm reference wavelength (OD 405/492 ) on a model EAR 400 AT ELISA reader (SLT, Salzburg, Austria) equipped with SOFT-2000 software. The ODs obtained were used to determine concentrations of the intact fusion protein. A standard curve ranging from 0 to 115 ng/ml was generated by using known concentrations of the ch14.18-IL-2 fusion protein (lot number 1).
(ii) IL-2-IgG1 ELISA (fusion protein-specific ELISA). C8 Maxisorp Nunc Immunomodules (Nunc) were coated overnight at 4°C with 120 l of rabbit anti-human IL-2 antibody (Endogen, Woburn, Mass.) per well at a concentration of 2 g/ml in 15 mM carbonate buffer, pH 9.6 (Fig. 1B) . After being washed three times with PBS-Tween, the wells were blocked for 3 h at RT with 200 l of 5% nonfat dried milk dissolved in PBS per well. The plates were washed with PBS-Tween and kept filled with buffer at 4°C until use. For the assay, 100 l of standards (dilutions of ch14.18-IL-2 lot number 1) or samples was added to each well and incubated overnight at 4°C in a humidified chamber. Following incubation, plates were washed five times with 0.1 M Tris-Tween, and 100 l of sheep anti-human IgG1 antibody coupled to horseradish peroxidase (0.4 g/ml) per well (The Binding Site) was added. Incubation was done for 3 h at RT, plates were then washed five times, and tetramethyl benzidine substrate (DAKO, Carpinteria, Calif.) was added (100 l/well, as provided by the company). After incubation with shaking for 30 min at RT, the reaction was stopped with 50 l of 2 N H 2 SO 4 per well, and plates were read at 450 nm with a 570-nm reference wavelength with a model EAR 400 AT ELISA reader (SLT), equipped with SOFT-2000 software for analysis.
(iii) IgG1 ELISA. C8 Maxisorp Nunc Immunomodule microtiter wells (Nunc) were coated overnight at 4°C with 150 l of goat anti-human IgG antibody (Southern Biotech Associates, Birmingham, Ala.) per well at a concentration of 2 g/ml in 15 mM carbonate buffer, pH 9.6 ( To analyze samples, PBS-Tween was removed, 100 l of standards or samples was added to the wells, and the samples were incubated overnight (18 h) at 4°C in a humidified chamber. The wells were then washed five times with 0.1 M Tris-Tween. Sheep anti-human IgG1 antibody coupled to horseradish peroxidase (100 l/well) (The Binding Site) was added at a concentration of 0.4 g/ml, and the plates were incubated for 3 h at 25°C. Then the plates were washed five times before the addition (100 l/well) of tetramethyl benzidine substrate (DAKO). After incubation with shaking for 30 min at RT, 50 l of a stop solution (2 N H 2 SO 4 ) per well was added, and the plates were read at 450 nm with a 570-nm reference wavelength in a model EAR 400 AT ELISA reader (SLT), equipped with SOFT-2000 software for analysis. Chimeric antibody ch14.18 from a stock at a concentration of 5.34 mg/ml was used as a standard in this assay.
(iv) IL-2 ELISA. The commercially available human IL-2 ELISA kit (Immunotech) was used. The assay was performed according to the specifications in the manufacturer's manual. This kit was calibrated against the World Health Organization international standard for IL-2 and contained microtiter plates coated with a mouse monoclonal anti-human IL-2 antibody. Monoclonal anti-human IL-2 linked to acetylcholinesterase was used as the reporter antibody in this assay (Fig. 1D ). Bound enzymatic activity was measured after the addition of a chromogenic substrate provided in the kit.
(v) A.I. 49-3-IL-2 ELISA. The A.I. 49-3-IL-2 assay was prepared as described above for the 1A7-IL-2 ELISA (Fig. 1A) , except that A.I. 49-3, a Mab against the idiotype of the CC49 Mab, was used to coat the wells instead of the 1A7 antibody (schema not shown). The remaining steps of the assay protocol were exactly the same as those followed for the 1A7-IL-2 ELISA (Fig. 1A) .
Mouse and human sera. Pooled mouse serum was obtained from Sigma and stored at 4°C. After informed consent had been obtained, human serum was obtained from nine healthy volunteer donors, pooled, and stored at 4°C.
RESULTS

Purity of the ch14.18-IL-2 fusion protein. (i) SDS-PAGE.
To define the standards used in the 1A7-IL-2 and IL-2-IgG1 ELISA systems, the purities of the different ch14.18-IL-2 preparations were assessed by SDS-PAGE. Three separate batches of ch14.18-IL-2 (lots 1 and 31403 and an aliquot from a sample which was maintained in the presence of fetal calf serum) were evaluated by electrophoresis under reducing conditions with purified ch14.18 and molecular size markers as standards ( (ii) Western blot analysis. The components of the fusion protein detected by SDS-PAGE were further defined by Western blot analysis (Fig. 2B) . Recognition of the heavy chains by anti-human IgG1-horseradish peroxidase indicates that the 67-kDa bands noted in the ch14.18-IL-2 samples contain human immunoglobulin (Fig. 2B, lanes 2 and 3 and a faint band in  lane 4) . These correspond to the IgG heavy chain linked to IL-2. Bands visible in the 50-kDa area correspond to the heavy chain of the chimeric antibody (Fig. 2B, lanes 1 and 4) . The band visible in the 30-kDa area (Fig. 2B, lane 1) represents reactivity against a smaller-molecular-size derivative of the heavy chain seen only in the ch14.18 stock preparation and not in the ch14.18-IL-2 or KS1/4-IL-2 fusion protein preparations or in the human IgG1 or mouse IgG1 controls, and it is distinct from the immunoglobulin light chain (data not shown).
Standardization and performance characteristics of the 1A7-IL-2 ELISA which quantitates intact fusion protein. (i) Standard curves. Figure 3 shows the typical standard curve obtained by using the lot 1 preparation of ch14.18-IL-2 as a standard for the 1A7-IL-2 ELISA. The minimal detection limit in this assay was calculated based on the mean ODs plus 2 standard deviations for readings done on samples containing the buffer and 0 ng of fusion protein per ml. This OD was then compared to the ODs obtained from the mean of nine separate replicate curves (Fig. 3) . The background level of absorbance remained low in the buffer (PBS-Tween-milk) (OD 405/492 ϭ 0.02). The calculated minimal detection limit was thus found to be 0.26 ng/ml. (ii) Intra-assay precision (precision within an assay). Three samples of fusion protein at concentrations in the low, intermediate, and high ranges of the standard curve, dissolved in sample buffer, were assayed 20 times on one plate to assess intra-assay precision (Table 1) .
(iii) Interassay precision (precision between assays). Seven different samples of fusion protein were assayed in duplicate in nine separate runs to assess interassay precision ( Table 2 ). The concentrations of ch14.18-IL-2 (lot 1), used to generate the standard curve for these ELISAs, were in the range of 0 to 115.0 ng/ml, based on an OD 280 reading indicating the total protein concentration. As determined by a densitometer evaluation of the gel after SDS-PAGE (Fig. 1) , the lot 1 protein is Ͼ95% pure. The mean concentrations of ch14.18-IL-2 measured in nine replicate experiments with the 1A7-IL-2 ELISA are listed along with the calculated coefficients of variation (CV) (standard deviation/mean). These assays demonstrate the reliability of the 1A7-IL-2 ELISA in quantifying the ch14.18-IL-2 fusion protein at concentrations ranging from 0.26 to 115 ng/ml.
(iv) Effects of serum. In order to examine the usefulness of this method for measuring levels of intact fusion protein in serum, aliquots of the ch14.18-IL-2 (lot 1) placed in either mouse serum, human serum, or PBS-Tween-milk buffer were evaluated in the 1A7-IL-2 ELISA. Table 3 lists the background OD readings obtained with mouse serum or buffer, as well as the OD readings resulting from the presence of intact fusion protein in undiluted serum or buffer. These OD readings indicated that equivalent concentrations of fusion protein were detectable in buffer and mouse serum, with no effect of mouse serum on background OD readings. Undiluted human serum (Table 3 ) increased the background OD reading. Dilutions of the human serum of 1:2 or greater eliminated this nonspecific color development, enhancing the specificity of the OD reading. These data indicate that the 1A7-IL-2 system is useful for the quantitation of the ch14.18-IL-2 fusion protein in buffer, mouse serum, and human serum.
(v) Recovery (dilution test). Levels of fusion protein were spiked in three different matrices (sample buffer, 50% human serum, and 50% mouse serum), and the protein was serially diluted to create three sets of four samples throughout the range of the assay for the evaluation of recovery in the 1A7-IL-2 ELISA (Table 4) .
Validity of comparative quantitation. A known concentration of ch14.18-IL-2 fusion protein (lot 31403) was tested in the 1A7-IL-2 (Fig. 1A) , IgG (Fig. 1C) , and IL-2 ( Fig. 1D ) ELISAs, to determine if quantitative comparisons between these three assays are valid ( Table 5 ). The expected concentration, based on the known amount and molecular weight of the fusion protein and the proportion of its IgG1 and IL-2 components, was calculated for each ELISA. The observed mean was determined in each assay. These data indicate that a quantitative comparison of the concentrations of the ch14.18-IL-2 fusion protein is possible with these three assays. The sensitivity of the IL-2 ELISA to detect the intact fusion protein was lower than that of the other two assays, with the IL-2 ELISA detecting only 76% of the expected product. a The ch14.18-IL-2 fusion protein (lot 1) was serially diluted in a sample buffer at concentrations from 3.6 to 115.0 mg/ml, shown in the left column. The concentration of ch14.18-IL-2 was then quantitated by using the ELISA described in Fig. 1A . 
Specificity of the intact fusion protein ELISAs.
The specificities of the IL-2-IgG1 ELISA (Fig. 1B) and 1A7-IL-2 ELISA (Fig. 1A) were tested. The IgG1 ELISA was used to verify the concentrations of Mabs ch14.18 and CC49 and those of their respective fusion proteins, ch14.18-IL-2 and CC49-IL-2. The IL-2 ELISA with recombinant human IL-2 as a standard was used to detect IL-2, the IL-2 portion of the ch14.18-IL-2 fusion protein, and the IL-2 portion of the CC49-IL-2 fusion protein (Table 6 ). Samples were diluted in PBS-Tween-milk to fall into the effective range of the standard curves.
As shown in Table 6 , the IL-2-IgG1 ELISA, the 1A7-IL-2 ELISA, and the A.I. 49-3-IL-2 ELISA each measured only intact fusion protein; free IL-2, free ch14.18, and free CC49 were not detectable in these ELISAs. The anti-GD2 fusion proteins, ch14.18-IL-2 and hu14.18-IL-2, were both recognized in the 1A7-IL-2 ELISA, while all the fusion proteins tested were detectable in the IL-2-IgG1 ELISA. As expected, only the anti-TAG 72 fusion protein (CC49-IL-2) was detected in the A.I. 49-3-IL-2 ELISA. The chimeric IgG1 antibodies, ch14.18 and CC49, were also detectable, as expected, in the IgG1 ELISA. Thus, the IgG1 ELISA is one of the least selective ELISAs evaluated in this study for detecting the intact fusion protein, as any protein with a human IgG1 component can be specifically detected. This IgG ELISA could potentially overestimate the concentration of intact fusion protein if a sample believed to contain the intact fusion protein also contained the free immunoglobulin component of the fusion protein lacking the cytokine. Intact fusion proteins can be quantitated without the confounding influence of free immunoglobulin or free IL-2 by using the IL-2-IgG1 ELISA system, thus providing a level of selectivity. As shown in Table 6 , the use of anti-idiotype antibodies in these assays (i.e., 1A7-IL-2 and A.I. 49-3-IL-2 systems) can further improve the specificity in quantitating these antibody-IL-2 fusion proteins.
Competition. While the above data demonstrate the ability of these ELISAs to discriminate between the different proteins when they are assayed separately, the quantitation of fusion protein may be necessary when fusion proteins are mixed with other immunoglobulins (as in human serum) or with components of the fusion protein. Furthermore, potential therapies with these fusion proteins might involve the coadministration of fusion protein with soluble IL-2 or with the Mab itself. Thus, it is desirable to be able to quantitate the fusion protein even in the presence of free IL-2 or Mab. Competition experiments were performed to determine the range in which the intact fusion protein could accurately be assessed, based on the total amount of protein added per well and the proportion of intact ch14.18-IL-2 fusion protein in each well. When a concentration of 100 ng of protein per ml was used, decreasing concentrations of the fusion protein could be accurately detected in the presence of increasing concentrations of ch14.18 antibody (Table 7). Mixing 100 ng of ch14.18-IL-2 per ml with ch14.18 to increase the total protein concentration to either 140, 180, or 420 ng/ml results in an increase in the ch14.18/ch14.18-IL-2 ratio (Table 7 ). This causes a confounding influence on the accuracy of the detection of the ch14.18-IL-2 fusion protein. This likely reflects the partial saturation of the bound 1A7 molecules on the plate when more than 100 ng of ch14.18 or ch14.18-IL-2 per ml is added. This indicates the importance of limiting the immunoglobulin concentration to less than 100 ng/ml, to avoid exceeding the capacity of the system. Similar experiments were performed to test the influence of free IL-2 on the quantitation of ch14.18-IL-2 in the 1A7-IL-2 ELISA. Increasing concentrations of IL-2 (7.5, 15.0, and 60.0 ng/ml) were mixed with 80 ng of ch14.18-IL-2 per ml which contained 13.3 ng of IL-2 per ml as part of the fusion protein (lot 31403) and evaluated in the 1A7-IL-2 ELISA. In this case, there was no influence of free IL-2 on the assay (data not shown).
DISCUSSION
As other immunoglobulin-derived fusion proteins are entering preclinical and clinical testing, assays are needed to study the pharmacokinetics of these proteins. Our study demonstrates the sensitivities, specificities, and reliabilities of ELISAs that require the corecognition of each component of the fusion protein (ch14.18-IL-2 and CC49-IL-2). The concentration of intact fusion protein can be assessed with greater accuracy and specificity by using the IL-2-IgG1 ELISA than by using the other usual methods of protein quantitation. Our analyses of some partially purified preparations (Fig. 2) and evaluation of plasmin-induced cleavage products (3) indicate that some of these fusion proteins may be subject to degradation that could influence fusion protein function. In order to assess the possibility of in vivo degradation in preclinical (murine or primate) and clinical testing, accurate assays to detect the intact fusion protein in serum are essential. Also, since the adequate dilu- a Three separate experiments were performed with the ch14.18-IL-2 fusion protein (lot 31403) diluted in a sample buffer and tested with all three ELISA methods. The stock fusion protein concentration was standardized by using the IgG1 ELISA. This was diluted with PBS-Tween-milk so that 7,500 ng of fusion protein per ml was tested in the assay. The expected concentrations of IL-2 and ch14.18 components of the fusion protein were based on the calculation that the IL-2 component is one-sixth and the antibody component is five-sixths of the mass of the fusion protein. Observed data are presented as the means of three experiments. Standard deviations are 508 ng/ml for the 1A7-IL-2 ELISA, 32 ng/ml for the IgG ELISA, and 90 ng/ml for the IL-2 ELISA. Percent expected was calculated as the observed concentration/expected concentration ϫ 100. tion of test samples (Table 7) can prevent free ch14.18 and free IL-2 from affecting the ability of the 1A7-IL-2 ELISA to quantitate the intact fusion protein, these ELISAs may also provide simple, reliable methods for evaluating the concentrations of intact antibody-cytokine fusion proteins, even in the presence of some of the degradative products potentially expected to occur in vivo.
The use of ELISAs to measure either antibodies or cytokines from patients receiving biologic therapies has been well documented (7, 24) . The unique structure of fusion proteins, such as the ch14.18-IL-2 fusion protein, allows us to use antibodies directed against each component of the fusion protein in a sandwich ELISA to detect only the intact fusion protein.
The incorporation of the anti-idiotype antibody in the sandwich ELISA allows us to specifically detect the ch14.18-IL-2 fusion protein which still retains its idiotypic determinant. Several advantages of this method of analysis include (i) the specificity with which one can measure the intact protein in both buffer and serum, (ii) the simplicity with which one can reliably test samples of relatively small volumes, and (iii) the extrapolation of this system to similar genetically engineered proteins. Both the IL-2-IgG1 ELISA and the 1A7-IL-2 ELISA are useful in quantitating the intact fusion protein; however, the 1A7-IL-2 ELISA is particularly useful in testing for proteins in human serum because of its enhanced specificity and low background, thus providing an assay for future clinical trial use. The separate assays allowing the detection of total IL-2 (IL-2 ELISA) and total ch14.18 antibody (IgG ELISA) are also very useful. By subtracting the values obtained in the 1A7-IL-2 ELISA from the data obtained in these two assays, it is possible to calculate the levels of free IL-2 and free ch14.18 antibody (data not shown). A comparison of the concentration of the intact fusion protein with that of its components can provide a reliable means of evaluating the clearance and degradation of the intact fusion protein, even in the presence of some degraded products potentially expected to occur in vivo. Other similarly constructed fusion proteins can also be evaluated by modifications of these methods. When an anti-idiotype antibody is not available, antibody-cytokine fusion proteins can be quantitated with the IL-2-IgG ELISA.
One of the potentially confounding variables in these assays is the effect of the amount of total ch14.18 protein per well on the sensitivity of the 1A7-IL-2 assay. Our data suggest that the saturation of 1A7 (capture antibody) occurs in this system at a concentration of Ն100 ng of ch14.18 antibody per ml. Thus, when the total concentration of ch14.18 and ch14.18-IL-2 exceeds 100 ng/ml, the ch14.18 molecules can interfere with the accurate detection of ch14.18-IL-2. Samples containing a mixture of ch14.18 antibody and ch14.18-IL-2 fusion protein need to be diluted to a concentration of Ͻ100 ng of total ch14.18 per ml to prevent an underestimation of the ch14.18-IL-2 fusion protein concentration.
The assays developed here provide an accurate means for the specific measurement of intact fusion proteins by simultaneously detecting both components of the fusion protein molecule. These studies have focused on the detection of antibody-cytokine fusion proteins, particularly the ch14.18-IL-2 immunocytokine, the humanized form of which has just entered clinical testing (5a). Slight modifications of the ELISAs presented here should allow the specific detection of any intact immunocytokine, by requiring the simultaneous corecognition of the fusion protein's antibody idiotype and its cytokine. As new genetically engineered fusion proteins are developed for clinical testing, their in vitro and in vivo evaluations should be facilitated by adaptations of these methods, allowing the accurate quantitation of the intact molecules and distinguishing them from their components. 100  100  0  98  100  90  10  92  100  80  20  81  100  50  50  47  100  20  80  22  100  10  90  9  100  5  95  5  100  0  100  0   140  100  40  77  180  100  80  46  420  100  320  28 a ch14.18-IL-2 (lot 1) (100 ng/ml) was serially diluted in a buffer. ch14.18 was added to achieve a total concentration of 100 ng of protein per ml in each sample. Data are presented in nanograms of total fusion protein per milliliter in each sample. Then ch14.18-IL-2 (lot 1) (100 ng/ml) was mixed with increasing concentrations of ch14.18, so that the total amount of protein per well was increased. The mixture was run on the 1A7-IL-2 ELISA. Data are shown as concentrations of intact fusion protein and represent the means of two separate experiments.
